It is well established within the geotechnical community that weathering affects rock in a variety of ways. Weathering not only degrades engineering properties but also changes the surface appearance. Weathering classifications are partially based on the qualitative assessment of the surface appearance of rock. This study focuses on quantifying surface roughness of weathered rock. Surface textures of both granite and limestone specimens were collected using a commercially available laboratory laser scanning system. Point clouds were analyzed using two different techniques to assess surface roughness. Granite surfaces were assessed using triangulated point clouds and surface normal vectors. Limestone surfaces were assessed using statistical methods to describe deviations from a cylindrical shape. The most highly weathered granite had the largest range of surface normal vector orientation. Less weathered granites had smaller ranges of surface normal vector orientation. Results from weathered limestones were more ambiguous. The least weathered specimens had very small deviations from a perfect cylinder whereas the most weathered specimens had the greatest deviation from a perfect cylinder. However, no clear distinction could be made between deviations from a perfect cylinder for intermediate stages of weathering for limestone specimens. Close range laser scanning was able to capture surface textures from both granite and limestone specimens, however, relationships between weathering grade and surface texture were only statistically significant for granite specimens.
INTRODUCTION
Weathering, whether physical, chemical, or biological, has a negative effect on both rock strength and stiffness. These changes are a result of increases in porosity and increases in microfractures. For this reason there have been a plethora of studies on quantifying the effects of weathering on rock properties.
Attempts to quantify weathering have ranged in scales of sophistication from visual descriptions through complex destructive testing. Many attempts have been made to provide standardized visual descriptions of weathering (for example ISRM 1978 and Anon., 1995) . Pinho et al. (2006) conducted a study to investigate the reliability of visual assessment of weathering. They found that in 72% of the specimens used, the weathering state identified differed from the majority by two weathering states, which was termed a significant error. In 12% of the specimens used, the weathering state identified differed from the majority by three weathering states, which was termed a very significant error. The majority of the errors occurred in highly weathered specimens and in fine grained specimens.
Researchers have used various other methods to assess and quantify the weathering states of rock. Methods such as physical properties (such as unit weight and porosity), chemical analyses, non-destructive tests (such as Schmidt hammer, compression and shear wave velocities), index tests (such as indirect tension and point load), and destructive compression (uniaxial and triaxial) tests are routinely conducted to assess and quantify weathering and the effects of weathering on engineering properties.
One interesting yet unexplored, at least in geotechnical engineering, approach to assess and quantify weathering is the use of surface roughness. Physical geographers and geomorphologists have used concepts of surface roughness to study landforms at various scales. Unfortunately, roughness is a rather arbitrary measure; it is scale dependent and for its use in quantifying weathering there is no single satisfactory scale (Gomez-Pujol et al., 2006) . Nevertheless, roughness measures have been used to quantify weathering in a comparative manner.
McCarroll and Nesje (1996) used a profile gauge to assess various measurements of roughness, including sinuosity (total length divided by straight-line length), local relief (difference between highest and lowest elevations occurring within a defined area), mean absolute difference between adjacent height difference on a profile (Index B), and a deviogram (a variogram plotted using standard deviations of adjacent heights rather than the variance of adjacent heights). White et al. (1998) used a micro-roughness meter with a precision of 0.001 mm to measure the micro-relief on fifteen boulders. Measurements were taken every millimeter along a survey line which was 100 mm long. Three different measurement techniques were used: standard deviation of differences between adjacent height values, root mean square (RMS) roughness, and surface correlation length. Each of the techniques describes the statistical variation of the random component of the surface height relative to a reference surface. They found the standard deviation and RMS roughness increase with weathering but the correlation length did not show a statistically significant relationship with weathering. Gomez-Pujol et al. (2006) used a laser scanner to capture millimeter-scale rock surface roughness on coastal cliffs. They found the mean of the standard deviation of the differences between adjacent height values increases with greater weathering.
The investigation and quantification of surface roughness along discontinuities is common within the rock mechanics community. For example Barton and Choubey (1977) provide typical roughness profiles of joint roughness coefficients (JRC). ISRM (1978) provides classes, descriptions, and visual aids for discontinuity roughness. The discontinuity nomenclature is based on rough, undulating, and planar discontinuities with rough, smooth, and planar idealizations within the discontinuity nomenclature.
Current Study
This study is a preliminary attempt to quantify surface roughness by analyzing laboratory laser scan point clouds using basic geometric relationships. Two rock types, limestone core specimens and granite slabs, were used. Weathering states were identified for each of the core specimens and granite slab fracture surfaces. For the limestone core specimens, a circumferential portion of the specimen was scanned and a subset of the data was used in the analysis. For the granite slabs, portions of fracture surfaces were scanned. The long term goal of this work is to develop an automated weathering classification system.
Laser scanning of the weathered granite slabs and weathered limestone specimens was conducted using a desktop scanner manufactured by Next Engine TM (www.nextengine.com). The multistripe laser triangulation scanner is capable of scanning objects with a point density of up to 1.03x10 8 points per square mm with an accuracy of 0.127 mm (NextEngine TM 2009). The scanning provides a point cloud which is automatically triangulated.
GRANITE BLOCK SPECIMEN ROUGHNESS
Blocks of granitic rock were obtained from an outcrop located just north of the Homestake Exit (Mile Marker 233) off Interstate 90, approximately 10 miles east of Butte, Montana. The bedrock outcrops in the area have been mapped as medium to coarse-grained monzogranite (Ruppel et al., 1993) and granodiorite (Lewis, 1998); they are part of the Boulder Batholith which formed during the Cretaceous Period. Although physical weathering processes are currently dominant due to the cold and dry climate of the location, hydrothermal alteration at some point in the past has likely contributed to the variable and locally high degree of weathering present at the site. The blocks were removed from the outcrop along fractures. The blocks ranged in size from cobble to boulder sized. Three different weathering states, fresh (I), slightly weathered (II), and highly weathered (IV), were identified on the fracture surfaces. The weathering descriptions follow the notation from the Geological Society Engineering Group Working Party Report on the description and classification of weathered rock for engineering purposes (Anon., 1995) . Six laser scans were performed on granite fractures: one on a fresh fracture, three on slightly weathered fractures, and two on highly weathered fractures.
The analysis of the scans is shown graphically in Figure 1 . A section of the granite block fracture surface was identified to be scanned as indicated by the red box in Figure 1a . The black boxes in the scale bar are 10 mm by 10 mm. The laser scanning produced a triangulated point cloud (Figure 1b) . Each of the point clouds contained between approximately 1.4 and 2.7 million points on scan areas ranging between 5,000 and 8,000 mm 2 . Since the coordinates of each point of the triangulated point cloud are known, the orientation of the plane containing the three points can easily be determined. Once the orientation of the plane is known, an outward pointing normal vector (N) can be computed (Figure 1c) . The normal vector contains the direction cosines (α, β, and γ), which are the angles from positive coordinate axes to the normal vector. The γ-value, which is the angle from the vertical axis to the normal vector, is used as a measure of surface roughness. A γ-value of zero indicates the plane is horizontal; a γ-value of 90 degrees indicates the plane vertical. 
FIG. 1. Graphical work flow sequence for obtaining γ-values
The analysis of the granite fracture surface roughness consists of plotting histograms of the γ-values determined from the surface laser scanning. Typical results for the fresh (I), slightly weathered (II), and highly weathered (IV) specimens are shown in Figure 2 . In addition to the histogram, a normal distribution curve is fitted to the data for illustrative purposes.
FIG. 2. Histograms of γ-values for weathered granite fracture surfaces
Results from fresh and slightly weathered specimens are remarkably similar. The average γ-value for these specimens is approximately 29 degrees and the standard deviation is approximately 17 degrees. The distribution is skewed towards γ-values of zero (horizontal planes). The highly weathered specimen is noticeably different. The average γ-value is 41.5 degrees and the standard deviation is 19.3 degrees. The distribution is less skewed.
These results show that, using this technique, it is very difficult to distinguish between fresh and slightly weathered fracture surfaces because they consist of mainly horizontal and slightly inclined surfaces. However, it is easier to distinguish between slightly weathered and weathered specimens using average γ-values and the standard deviation of γ-values.
Although the use of γ-values is promising for distinguishing between weathering states of weathered rock, there are limitations to this method. For instance, two surfaces with similar patterns of undulation but different magnitudes of undulation may result in similar histograms. Such limitations indicate that multiple measures of surface roughness must be used to develop a robust automated weathering classification system.
LIMESTONE CORE SPECIMEN ROUGHNESS
Limestone cores were obtained from the UNF-UF-FL DOT geophysical test site near Newberry, Florida. The limestone core specimens are from the Ocala limestone unit which is of upper Eocene age and is generally described as soft and porous. Portions of the limestone are hard and dense, locally known as hard lenses, due to cementation by crystalline calcite (Campbell and Scott, 1991) . The top of the limestone is extremely variable due to karstification and erosion (Scott, 2001) . Figure 3 contains the workflow used to obtain the surface roughness of the limestone specimens. A section of the limestone core was identified to be scanned as indicated by the red box in Figure 3a . The black boxes in the scale bar are 10 mm by 10 mm. The full circumference of the core was scanned. The height of the scanned area ranged between 20 and 100 mm. 
FIG. 3. Graphical workflow sequence for obtaining normalized r-theta graphs
A subset of the scanned area was used for the surface roughness analysis. The subset area had a height of one millimeter and the full angular length of 2π (360 degrees), a cross-section of which is shown in Figure 3b . Using the subset area, radius (r) and theta (θ) values were determined at appropriate Z values for each point; the radius and theta values were computed in a horizontal plane (perpendicular to the core axis). To obtain a single radius-theta plot for each specimen, the subset area was discretized into vertical slices 0.005 radians in width called analysis blocks. Within each analysis block, the maximum, average, and minimum radius values were determined. A total of 1258 data points were used to plot each of the maximum, average, and minimum radius-theta plots in Figure 3c . All show a similar and distinct profile of radius vs. distance, with the minimum and maximum almost identical and the average slightly smoothed relative to the others. For the roughness analyses, it was decided to use normalized average radius-theta plots. The normalization was performed by dividing each of the average radii by the maximum average radius within the scanned subset area. The resulting surface roughness profiles for fresh (I), moderately weathered (III), and highly weathered (IV) specimens are shown in Figure  4 .
FIG. 4. Representative radius-theta plots and histograms of normalized radii for weathered limestone specimens
A graphical representation of the surface of the limestone specimens within the subset of the scanned areas are shown in the normalized radius-theta plots. Visually, the fresh specimen surface is much different than the moderately and highly weathered specimen surfaces. As expected, the fresh surface is smoother than the weathered surfaces. The highly weathered surface has more pronounced peaks and valleys than the moderately weathered surface.
A quantitative comparison of the scans yields interesting results. The average radius and minimum radius of the fresh surface are much greater than the average and minimum radii of the moderately and highly weathered surface. The standard deviation of the fresh scan is less than half the value of the standard deviation of the weathered surface. Comparing the weathered surfaces, the average radius of the moderately weathered surface is slightly greater than the average radius of the highly weathered surface. Surprisingly the minimum radius of the moderately weathered surface is less than the minimum radius of the highly weathered surface. This observation is most likely an anomaly since the comparison is only between two scans.
The highly weathered surface has a distinct periodic nature and the associated histogram for the highly weathered surface shows a distinct bimodal distribution. Although the fresh and moderately weathered surfaces also appear to have a periodic nature, their histograms do not show binomial distributions.
CONCLUSIONS AND FUTURE WORK
This work demonstrated that data on rock specimens obtained through laser imaging techniques can be post-processed to obtain surface roughness features potentially meaningful to an automated system for weathering state classification. Future work includes additional experiments to more precisely quantify the discrimination power of different features and, ultimately, compare the accuracy (e.g., misclassification error) achievable by an automated classifier using these features to that of human-in-the-loop experiments reported in past literature. Other features are also possible, including those derived out of different sensing modalities, and the extent to which classification accuracy improves with each additional feature also needs further study.
